Background-The quality and effectiveness of resuscitation processes may be influenced by the patient's body mass index (BMI); however, the relationship between BMI and survival after in-hospital cardiac arrest has not been previously studied.
A though studies have linked body mass index (BMI) to worse outcomes for a wide variety of cardiovascular and noncardiovascular conditions, [1] [2] [3] [4] [5] [6] [7] the role of BMI in mediating outcomes for in-hospital cardiac arrest is unknown. Inhospital cardiac arrests are common and are associated with poor survival. 8 If differences in survival exist because effective resuscitation is impaired in patients with high or low BMI, this would have important implications for the treatment of these critically ill patients.
There are several theoretical reasons why BMI could potentially affect the quality and effectiveness of resuscitation measures during an in-hospital cardiac arrest. There may be logistical delays in morbidly obese patients caused by difficulties in placement of defibrillator pads, establishment of vascular access, or initiation of a viable airway. Physical and biological factors related to a high or low BMI could affect the quality of chest compressions, the efficacy of vasoactive drugs, or the safety of defibrillator shocks because none of these measures are standardized to a patient's BMI or weight. Finally, it is possible that patients at each end of the BMI spectrum are treated less aggressively during the acute resuscitation. If patients with very high or low BMI were found to have lower rates of survival after in-hospital cardiac arrests, this would prompt additional studies to determine whether this was caused by hospital, patient, or physician factors.
To explore this gap in knowledge, we examined the association between BMI and survival for patients with in-hospital cardiac arrests within the National Registry of Cardiopulmonary Resuscitation (NRCPR). We explored differences in survival to discharge by BMI group and also examined if differences in acute resuscitation treatment (defibrillation response time, number of shocks, and resuscitation duration) varied by BMI group. The NRCPR, which is a large, multisite quality improvement registry that prospectively collects data on consecutive in-hospital cardiac arrests, 8 provides a unique resource for exploring this question.
WHAT IS KNOWN
• In-hospital cardiac arrest is common and is associated with low rates of survival.
WHAT THE STUDY ADDS
• For in-hospital cardiac arrest, rates of survival to hospital discharge are influenced by a patient's body mass index. • For cardiac arrests caused by shockable rhythms (ventricular fibrillation and pulseless ventricular tachycardia), overweight patients had the highest survival, with significantly lower rates of survival in patients who were underweight, normal weight, or very obese. • In cardiac arrest caused by nonshockable rhythms (asystole and pulseless electric activity), underweight patients had the lowest survival rate.
Methods

Study Design
The design of the NRCPR has been previously described in detail. 8 Briefly, the NRCPR is a large, multisite, prospective registry of in-hospital cardiac arrest sponsored by the American Heart Association and prospectively collects data on cardiac arrests using standardized Utstein definitions. 9 Specially trained research coordinators at participating hospitals abstract data on consecutive patients with an in-hospital cardiac arrest, defined as unresponsiveness, apnea, and the absence of pulse. Patients with prior do-not-resuscitate orders and cardiopulmonary resuscitation events beginning outside of the hospital are excluded from registry enrollment. In January of 2006, the NRCPR began collection of patient data on height and weight; we therefore limited our analyses to the 34 588 cardiac arrests in adult patients ages 18 years or older occurring within NRCPR from January 1, 2006, to December 31, 2007. Of these patients, 21 237 (61.4%) had available data on both height and weight from which calculations of BMI could be performed and formed the study cohort. Importantly, patients with and without information on BMI were similar in patient characteristics except that excluded patients were more likely to have a cardiac arrest in the emergency department (Appendix). The University of Michigan Institutional Review Board granted approval for waiver of informed consent for this study.
BMI Categories
BMI was determined by the standard formula of weight (in kilograms) divided by the square of the height (in meters) and was classified using the World Health Organization (WHO) classification: underweight (Ͻ18.5 kg/m 2 ), normal (18.5 to 24.9 kg/m 2 ), overweight (25.0 to 29.9 kg/m 2 ), obese (30.0 to 34.9 kg/m 2 ), and very obese (Ն35.0 kg/m 2 ). 10 
Study Outcomes
The primary outcome in this study was survival to hospital discharge. To better understand observed differences in survival to discharge, the 2 phases of overall survival-return of spontaneous circulation (ROSC) for at least 20 minutes and postresuscitation survival (ie, survival among patients with ROSC)-were evaluated as secondary outcomes. In addition, we evaluated whether defibrillation response times and resuscitation intensity (total number of defibrillations and total duration of resuscitation event) differed across BMI groups. On the basis of prior work, 11 defibrillation response time was examined as delayed (Ͼ2 minutes) versus not delayed (Յ2 minutes).
Statistical Analysis
Baseline differences in patient characteristics across BMI groups were assessed using ANOVA and the Kruskal-Wallis test for continuous variables, as appropriate, and 2 tests for categorical variables. Given known differences in resuscitation measures and survival by cardiac arrest rhythm, 8 we determined a priori to examine the association of BMI with survival outcomes separately among patients who presented with a shockable (VT or VF) or nonshockable (asystole and PEA) rhythm. Therefore, separate multivariable models were constructed to evaluate the independent relationship between BMI and survival outcomes for the 2 different rhythm types.
All models used the generalized estimating equations (GEE) method with an exchangeable correlation matrix to account for the potential effects of clustering of patients within hospitals. The primary models examined the relationship of BMI with survival to hospital discharge. Models adjusted for each of the following variables: age, sex, race, BMI category, initial cardiac arrest rhythm (VF versus VT or PEA versus asystole), cardiac arrest location (intensive care unit [ICU], telemetry unit, or nonmonitored unit), and time of cardiac arrest (work hours: 8 AM to 5 PM; after hours: 5 PM to 8 AM or weekend) as covariates, regardless of significance level. Additional candidate variables were selected from the following list after determining a significant univariate association (PϽ0.10) with survival: (1) clinical comorbidities or conditions present before cardiac arrest (history of myocardial infarction, congestive heart failure, diabetes mellitus; renal, respiratory, hepatic insufficiency; metastatic or hematologic malignancy; baseline evidence of motor, cognitive, functional deficits; stroke; sepsis; hypotension; pneumonia; major trauma; requirement for hemodialysis), (2) myocardial infarction or congestive heart failure during the index admission, (3) an admitting cardiac diagnosis, (4) use of invasive therapy (mechanical ventilation, intra-aortic balloon pump, or pulmonary artery catheter) or continuous intravenous vasoactive medications (dopamine, dobutamine, norepinephrine, and phenylephrine) at the time of arrest, and (5) use of a hospital-wide cardiopulmonary arrest alert or the presence of an organized hospital code team during the resuscitation. In addition, models for VF/VT arrests included rates of delayed defibrillation time as a covariate because of its ability to influence outcomes. 11 In each model, we assigned the overweight patient group as the referent, based on results in other studies. [12] [13] [14] [15] [16] [17] We also constructed multivariable models to evaluate whether there were differences by BMI group for the secondary outcomes of ROSC and postresuscitation survival. Finally, we examined whether there were differences in acute resuscitation treatment (defibrillation response time, number of shocks, and resuscitation duration) by BMI group. For all analyses, the null hypothesis was evaluated at a 2-sided significance level of 0.05 with 95% confidence intervals (CI) calculated. Analyses were performed with SAS 9.2 (SAS Institute, Cary, NC).
Results
We identified 21 237 cardiac arrest cases at 328 hospitals. The mean age for the study population was 66.0Ϯ15.6 years, Baseline differences in patient characteristics across the 5 categories of BMI are displayed in Table 1 . In general, most factors were similar across the BMI groups. However, patients who were very obese were younger; more likely to have had congestive heart failure in the past or during the index admission, and more likely to have renal insufficiency and to be on mechanical ventilation at the time of cardiac arrest. Patients who were underweight were less likely to be of non-Hispanic white race; less likely to have had myocardial infarction in the past or during the index admission; more likely to have asystole as their first identified rhythm; more likely to have a preexisting metastatic or hematologic malignancy, pneumonia, or sepsis during the index admission; and more likely to be unmonitored at the time of cardiac arrest.
Shockable Rhythms
Of 4499 patients with a pulseless arrest caused by VF or VT, 1825 (40.6%) patients survived to hospital discharge. The relationship between BMI and survival to discharge for VF and VT arrests is depicted in Figure 1 . Differences were noted in overall crude rates of survival among the BMI groups, with the highest rate of survival to discharge in overweight patients ( Despite differences in crude survival, rates of delayed defibrillation response times were similar across BMI groups (Table 3 ). However, among those who died during the initial resuscitation (ie, no ROSC), there were differences in the total number of defibrillations administered and the total duration of the resuscitation event by BMI group. This was especially evident among underweight patients. In contrast, among those achieving ROSC, the duration of resuscitation was similar among the BMI groups.
After adjustment for patient factors and rates of delayed defibrillation time, compared with overweight patients, underweight (adjusted odds ratio [OR], 0.59; 95% CI, 0.41 to 0.84; Pϭ0.003), normal weight (adjusted OR, 0.75; 95% CI, 0.63 to 0.89; PϽ0.001), and very obese patients (adjusted OR, 0.78; 95% CI, 0.63 to 0.96; Pϭ0.02) were less likely to survive to hospital discharge, whereas overall survival was similar for obese patients (adjusted OR, 0.87; 95% CI, 0.72 to 1.06; Pϭ0.17). These differences in overall survival by BMI group were attributable to both differences in ROSC and postresuscitation survival (Table 4 ).
Nonshockable Rhythms
Of 16 738 patients with cardiac arrest caused by asystole or PEA, 2501 (14.9%) survived to hospital discharge. The relationship between BMI and survival to discharge for asystole and PEA arrests is depicted in Figure 2 . Underweight patients had lower crude rates of survival to hospital discharge than the other BMI groups: underweight, 10.3% (125/1216); normal weight, 13.8% (769/5566); overweight, 15.3% (700/4591); obese, 16.8% (436/2595); and very obese, 17.0% (471/2770) (PϽ0.001 for differences across groups). Although ROSC was achieved in 8702 (52.0%) patients and 2501 (28.7%) of these successfully resuscitated patients survived to discharge, a similar pattern of lower crude rates of ROSC and postresuscitation survival was seen in underweight patients (Table 2) . Finally, underweight patients were resuscitated for shorter periods, both among patients who survived with ROSC and those who died without ROSC during the initial resuscitation (Table 3) . After adjustment for patient factors, compared with overweight patients, underweight patients (adjusted OR, 0.67; 95% CI, 0.54 to 0.82; PϽ0.001) were less likely to survive to hospital discharge, whereas overall survival was similar for normal weight (adjusted OR, 0.94; 95% CI, 0.84 to 1.06; Pϭ0.30), obese (adjusted OR, 1.08; 95% CI, 0.95 to 1.24; Pϭ0. 24) , and very obese patients (adjusted OR, 0.97; 95% CI, 0.85 to 1.11; Pϭ0.68). Because there were no differences in adjusted rates of ROSC across the BMI groups, lower overall survival to hospital discharge in underweight patients was due to lower postresuscitation survival ( Table 5 ).
Discussion
We found that survival outcomes after in-hospital cardiac arrest differed by BMI. For cardiac arrest caused by VF or VT, patients who were underweight, normal weight, and very obese had lower survival. Lower overall survival in these BMI groups was due to lower rates of both ROSC and postresuscitation survival. Although there were no differences in defibrillation response times by BMI group, underweight patients were treated for shorter durations before physician termination of resuscitation. In contrast, for cardiac arrest caused by asystole and PEA, rates of survival to discharge were similar across BMI groups, except for underweight patients. The higher mortality rate seen in underweight patients was attributable to their overall lower postresuscitation survival, as rates of acute resuscitation were similar. Collectively, these findings suggest that BMI is associated with differences in survival after in-hospital cardiac arrest, and this relationship differs by cardiac arrest rhythm.
Although an inverse U-or J-shaped relationship between BMI and survival has been described in other disease states, 4 -6,18 -21 the relationship between BMI and survival outcomes for in-hospital cardiac arrests has not previously been explored. Although 2 small studies have evaluated the relationship between BMI and out-of-hospital cardiac arrests, these studies had limited power (combined sample size of fewer than 300 patients), were retrospective, involved single centers, and may not be generalizable to in-hospital cardiac arrests. 22,23 In Models include demographic characteristics, initial cardiac arrest rhythm (VF versus VT or PEA versus asystole), cardiac arrest location, and time of cardiac arrest, regardless of significance level. In addition, other variables with a univariate association (PϽ0.10) with each survival outcome are included in final models. These include prearrest characteristics (ie, clinical comorbidities), arrest characteristics, and interventions in place before cardiac arrest, as outlined in Table 1 .
the NRCPR registry, we found that BMI was independently associated with survival despite adjustment for a number of important patient factors. Given the large sample size and detailed data collection in this multisite registry, we were able to (1) examine the relationship of BMI separately for cardiac arrests that were shockable and nonshockable, (2) determine whether observed differences in overall survival were attributable to differences in ROSC or postresuscitation survival, and (3) evaluate whether observed differences were associated with several key predictors of survival, such as delays in defibrillation time and duration of resuscitation.
The association of very low BMI and survival for shockable and nonshockable cardiac arrests may reflect residual confounding. Although we were able to adjust for whether patients had a significant malignancy (hematologic or metastatic) and hepatic insufficiency, we did not have sufficiently detailed information on these 2 variables to adjust for specific types of malignancies, the extent of their metastases, malnutrition, and end-stage liver disease-all of which may be more prevalent in underweight patients and are linked to lower in-hospital survival. However, we did find that among patients who did not survive the initial resuscitation (ie, no ROSC), underweight patients were treated for 4 to 5 minutes shorter in both types of cardiac arrests. Moreover, underweight patients received fewer defibrillation shocks than patients in other BMI groups. Yet, it is unclear whether longer periods of resuscitation beyond the median of 19 minutes or additional defibrillation attempts beyond the median of 3 shocks in underweight patients would have meaningfully improved survival. Notably, among patients surviving the initial resuscitation, the period of time without spontaneous circulation was similar across BMI groups for patients with VF or VT arrests and shorter for underweight patients with asystole or PEA arrests. This suggests that longer times without spontaneous circulation before achieving ROSC were not responsible for the lower rates of postresuscitation survival in underweight patients for both types of cardiac arrests.
Nonetheless, the association of underweight patients and poor survival after in-hospital cardiac arrest may have important clinical implications Malnutrition or poor functional status may explain lower survival from cardiac arrest in underweight patients. Moreover, the overall frailty of patients with low BMI, compared with other BMI categories, may account for their lower survival after cardiac arrest. These unmeasured aspects of patient health status in our study may explain a physician's propensity to conduct a shorter resuscitation or administer fewer defibrillations in underweight patients. Alternatively, our findings may reflect a pattern of undertreatment of underweight patients with cardiac arrest. This association deserves further study in cardiac arrest registries that are able to capture clinical information particular to patients with low BMI.
In contrast, there was an association between very high BMI and lower survival for VT and VF arrest but not for asystole and PEA arrest. Because a key difference in the treatment of VT and VF arrests is the use of defibrillation, this survival finding raises several important implications. First, it suggests that the current use of fixed dose defibrillation therapy (200 J, 300 J, or 360 J) in adult patients with VT or VF arrest may be inadequate in patients with very high BMI.
In a prior study, higher thoracic impedance was associated with decreased defibrillation success, 24 and BMI has previously been shown to correlate with thoracic impedance. 25 Although these studies are preliminary, they raise questions about whether defibrillation therapy in Advanced Cardiac Life Support protocols should be standardized to a patient's BMI. Indeed, we found in this study a trend for a higher number of required defibrillations to achieve ROSC among overweight, obese, and very obese patients with a VF or VT arrest. Given that defibrillation energy protocols for children within Pediatric Acute Life Support (PALS) are weight- based, additional animal and human studies on the optimal defibrillation energy by BMI may be warranted.
There may be other reasons why a very high BMI may be associated with worse survival outcomes after cardiac arrest. Longer times to intubation and delays in the administration of vasoactive medications in morbidly obese patients may affect the quality of resuscitation measures. Compression depth may also vary by patient BMI, which would affect the delivery of effective cardiopulmonary support during resuscitation. Preliminary studies of compression depth and the duration of interrupted cardiopulmonary resuscitation, however, do not seem to suggest that these are of lower quality in very obese patients. 26 Moreover, these logistical and resuscitation issues, while plausible, would not account for the differential association of very high BMI and survival for shockable and nonshockable cardiac arrests.
Limitations
Our findings should be interpreted in the context of the following limitations. First, data on height and weight were not collected within the NRCPR until 2006, so our study includes cardiac arrests from 2006. Moreover, 38% of patients did not have assessments of height and weight and were excluded. However, patients with missing data on height and weight were not found to be meaningfully different in patient characteristics than patients included in this cohort. Second, although the NRCPR registry is the largest prospective registry of in-hospital cardiac arrests with detailed information on many patient factors, we did not have complete information on several resuscitation factors to more fully account for the relationship between BMI and survival, such as cardiopulmonary compression quality (depth and frequency of compressions, proportion of interrupted resuscitation time), defibrillation and medication doses, and times to repeat defibrillation, vasoactive medications, and intubation. Similarly, we did not have assessments of patients' nutritional and functional status or the severity of preexisting comorbidities to further account for the relationship between low BMI and survival. Third, our sample was drawn from a minority of US hospitals (Ϸ15% of large US hospitals) that participated in a quality improvement resuscitation registry. However, we have no reason to believe that hospital participation within NRCPR would affect the relationship of BMI and survival. Although we observed a relationship between BMI and survival, this relationship should not be interpreted as causal.
Conclusion
In this large national registry of in-hospital cardiac arrests, we found that survival to discharge varied substantially by BMI. For cardiac arrest caused by VT or VF, underweight, normal weight, and very obese patients had lower overall survival despite adjustment for a number of patient factors and defibrillation response time. For asystole and PEA arrests, underweight patients had lower overall survival. Future studies are needed to determine whether the relationship between low BMI and survival is due to unmeasured differences in patient severity of illness and comorbidity and the impact of very high BMI on defibrillation effectiveness and resuscitation quality.
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